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A METHOD FOR FORMING A GERMANIUM LAYER AND A HETEROJUNCTION BIPOLAR TRANSISTOR 

FORMED THEREFROM 



TECHNICAL FIELD OF THE INVENTION 



This invention relates in general to a method of 
forming an integrated circuit device, and more par- 
ticularly to a method for forming a germanium layer 
and a heterojunction bipolar transistor formed 
therefrom. 

BACKGROUND OF THE INVENTION 



As minimum dimensions continue to shrink in 
the fabrication of digital integrated circuits, cor- 
responding improvements in the unity gain thresh- 
old frequency (f t ), maximum oscillation frequency 
(fmax), and propagation delay (T pd ) of transistors are 
increasingly difficult to realize. This is so because 
in general the parasitic elements associated with 
the transistors do not scale in proportion to the 
minimum dimensions. That is, two and three di- 
mensional effects begin to become dominant. 

In the case of the bipolar junction transistor 
(BJT), key parasitics which must be minimized to 
improve switching speed are base width, base re- 
sistance and base-collector capacitance. The mini- 
mization of these parasitics, unfortunately, tend to 
have a deleterious effect on the common emitter 
forward current gain (h fe ) and the collector to emit- 
ter breakdown voltage (BV CE0 ). As the base width, 
for example, is made more narrow, the base dop- 
ing must be increased in order to maintain BV C eo- 
This reduces the time the device can be exposed 
to high temperatures during subsequent processing 
as well as degrading h fe . A practical BJT, therefore, 
is fundamentally limited to an f t of about 20-30 
GHz. This limit is set by the fact that when the 
base doping reaches the 10 18 /cm 3 regime, trap- 
assisted tunnelling in the base seriously degrades 
h fe . The integrated base charge, on the other hand, 
which is required to maintain BV C eo at about 3-5 V 
then prevents the base width from being narrowed 
any further for a practical device. 

To achieve further improvements in speed,* the 
use of the heterojunction bipolar transistor (HBT) 
has been proposed. The h te of the HBT is not 
strongly dependent upon the respective base and 
emitter dopings, but rather by the difference in 
band widths (the band gap) between the emitter 
and base. The most common HBT's are fabricated 
using the Ill-V semiconductor compounds such as, 
for example, GaAs and AIGaAs. These, on the 
other hand, have not achieved the integration levels 
of silicon (Si) devices and are further limited by 
wafer diameter, material strength, substrate cost 
and a relatively high level of intrinsic defects. 



Recently, HBT's have been fabricated using a 
Si emitter and a pseudomorphic Ge x Sii. x strained- 
layer base. The presence of germanium (Ge) in the 
base reduces the band-gap in proportion to the 

5 amount of Ge present Devices of 40 GHz f t have 
been fabricated with devices capable of 60 GHz f t 
predicted. The current gain of most HBT devices 
can in principle be maintained with high base dop- 
ing and, therefore, comparatively small base resis- 

10 tance. The latter improves f max and delays the 
onset of emitter de-biasing. Further, because cur- 
rent crowding in the emitter is reduced, the device 
may be able to sustain higher currents before base 
conductivity modulation and the Kirk Effect mani- 

75 fest themselves. 

The Ge x Sh. x base HBT is subject to a physical 
limitation because the covalent radius of Ge is 
larger than that of Si. A small lattice mismatch, 
therefore, exists between the two layers at each Si- 

20 Ge x Sh. x interface. For a thin enough film of Ge x Sh. x 
on a Si substrate the mismatch is accommodated 
by a compressive stress in the Ge^i^ film. When 
the thickness exceeds a critical thickness, a high 
density of the misfit dislocations appear at the 

25 interface along with threading dislocations which 
extend from the interface to the surface. These 
dislocations will give rise to junction leakage par- 
ticularly when decorated with heavy metai con- 
taminants. Once misfit dislocations appear, the 

30 Ge x Sii. x layer becomes nearly strain free since the 
stress is relieved by the plastic deformation at the 
interface. The critical thickness for the onset of 
misfit dislocations is inversely proportional to the 
concentration of Ge in the film. When using pure 

35 Ge the thickness of the film which can be achieved 
on a Si substrate before plastic deformation occurs 
is on the order of 1-3nm. Thus, the realization of a 
pure Ge base on a Si collector has not been 
possible in the past. 

40 Therefore, a need has arisen for a process for 

manufacturing a substantially pure and narrow epi- 
taxial Ge base in a Si-based HBT. Such a layer is 
needed to continue to improve the switching speed 
bipolar transistors. 

45 

SUMMARY OF THE INVENTION 



The present invention provides a method for 
forming a continuous germanium layer in integrated 
so circuits. One aspect of the present invention is a 
method for forming a germanium layer to be used 
as a base in a heterojunction bipolar transistor 
(HBT). In accordance with the present invention, a 
germanium layer is grown by a solid phase epitax- 
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ia! process to form a continuous layer of germa- 
nium (Ge). An N-Ge x Sh_ x layer Is deposited ap- 
proximately one micron thick on an N-Siiicon (Si) 
substrate. Subsequently, a P-Ge x Sh. x layer is de- 
posited onto the N-Ge x Si-|. x . 

The substrate, having layers formed thereon, is 
heated to approximately 1000 degrees Centigrade 
('C) in an oxidizing ambient which causes the P- 
germanium silicon layer to transform into a pure 
germanium layer. This occurs because the forma- 
tion of Si0 2 essentially excludes Ge from the film. 
Thus, the Si is consumed leaving the Ge behind in 
the substrate. The residual Ge is left in the familiar 
diamond crystal structure and is therefore epitaxial 
to the substrate, though in a state of compressive 
stress. To alleviate the stress, the N-silicon sub- 
strate has an N-Ge x Sii. x layer attached thereupon. 
Likewise, the N-Ge x Sii. x layer has the newly 
formed P-Ge layer attached thereto for overcoming 
dislocation and interfacial lattice stress associated 
with the different lattice constants. 

The basic concept is that the critical thickness 
which can be achieved before the elastic limit is 
exceeded depends upon the magnitude of the lat- 
tice mismatch. The lattice mismatch in turn is de- 
termined by the relative amounts of Ge present in 
the two films. The N-Ge x Si-|. x is purposefully grown 
thick enough to become discommensurate with the 
N-Si substrate. It is therefore strain free, but has a 
lattice constant which is closer to that of Ge than to 
Si. The P-Ge layer that is formed atop this layer 
can be thicker than it could otherwise be if grown 
atop a Si substrate. Accordingly, the P-Ge film can 
be grown thicker than 1-3nm before becoming dis- 
commensurate. The n-Ge x Sii. x film acts as a buffer 
layer between the P-Ge layer and the N-Si sub- 
strate. In accordance with the present invention, a 
device can be formed having a P-Ge base as the 
heterojunction bipolar junction transistor. In one 
embodiment, 2300 angstroms of P-Ge x Sii. x is de- 
posited to form a final base with of approximately 
750 angstroms. 

The present invention permits conventional 
CVD expitaxial growth techniques to be used which 
are very much more cost-effective than MBE and 
MOCVD techniques and permit larger diameter wa- 
fers to be used. The present device structure per- 
mits pure Ge base layers to be fabricated in a 
practical manner. 

BRIEF DESCRIPTION OF THE DRAWINGS 



Other aspects of the invention and their advan- 
tages will be appreciated with reference to the 
following detailed description taken in conjunction 
with the appended drawings in which: 

FIGURE 1 is an enlarged cross-sectional view of 
a workpiece used to form an integrated structure 



of the present invention; 

FIGURE 2 is an enlarged cross-sectional view of 
the workpiece following the steam oxidation step 
used for forming a continuous germanium layer; 
5 FIGURE 3 is a graph illustrating the relationship 
between the thickness of Si02, grown on the N- 
germanium silicon layer and the formed pure 
germanium layer; and 

FIGURES 4-9 are successive schematic mag- 
10 nified cross-sectional views of an integrated cir- 
cuit structure illustrating the fabrication of a HBT 
having a germanium base according to the 
present invention. 

75 DETAILED DESCRIPTION OF THE INVENTION 



In accordance with the present invention, a 
germanium layer is formed which can act as a 
base in a heterojunction bipolar transistor (HBT). 

20 FIGURE 1 is an enlarged cross-sectional view 

of a workpiece, generally designated 10. Work- 
piece 10 comprises an N-substrate 12 made of 
silicon. Additionally, workpiece 10 comprises an N- 
germanium silicon layer 14 formed on substrate 12 

25 by chemical vapor deposition. Formed onto layer 
14 is a P-germanium silicon layer 16. In accor- 
dance with the present invention, layers 14 and 16, 
may be deposited to a desired thickness, depend- 
ing on the proposed application for workpiece 10. 

30 Referring to FIGURE 2, a novel feature of the 

present invention is illustrated. If the temperature of 
workpiece 10 is increased to approximately 1000 
degrees Centigrade (°C) in an oxidizing ambient, 
layer 16 in Figure 1 is transformed to a P-germa- 

35 nium layer 18 and a Si02 layer 22. The thickness 
of formed layer 18 is directly proportional to the 
time workpiece 10 is exposed to the high tempera- 
ture. It has been observed that P-germanium sili- 
con layer 16 structurally transforms into pure ger- 

40 manium layer 18. Film 14 is grown thick enough to 
cause dislocations at the interface between layer 
14 and layer 12. 

There is a high density of dislocations between 
layer 12 and layer 14 after growth of layer 14. In 

45 addition a few dislocations thread upward through 
layers 14 and 16 to the surface. In order for the 
HBT to be useful, there must be little to no disloca- 
tions in layers 14 and 18. This can happen if all 
dislocations can be confined to the interface be- 
so tween layers 12 and 14. A suitable choice of depo- 
sition temperature can make this possible. 

The strain caused by the mismatch between 
the germanium layer and germanium silicon layer 
can cause elastic deformation if the change is 

55 excessive. If these dislocations can be confined to 
the plane of the junction, the device will function 
because the junctions are away from the plane. 
Referring to FIGURE 3, a graph illustrating the 
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growth rate of layers 18 and 22 during the tem- 
perature excursion can be seen. A line 24 depicts 
the growth rate of germanium layer 18 during the 
oxidation process, while the temperature of work- 
piece 10 is increased. A line 26 depicts the growth 
rate of layer 22 during the oxidation process. As 
can be seen, the growth rates of germanium layer 
18 and layer 22 are proportional to the time of 
oxidation. Accordingly, the thickness of layers 22 
and 18 can be accurately and predictably con- 
trolled to create a desired workpiece 10. 

Referring to FIGURES 4 through 9, the pro- 
cessing steps to form a germanium base for a HBT 
100 of the present invention are illustrated. Germa- 
nium layer 18 in FIGURE 2 is formed having a 
thickness of approximately 750 angstroms by ini- 
tially depositing N-Ge x Si 10 < layer 14 in FIGURE 4 
onto an silicon N-substrate 12. Layer 14 is depos- 
ited by CVD to approximately 1 micron to function 
as the buffer layer for device 100. P-Ge x Sii. x layer 
16 is deposited by CVD onto layer 14 in order to 
act as the future base of device 100. In its pre- 
ferred embodiment, P-Ge x Sh. x layer 16 has a thick- 
ness of approximately 2300 angstroms to even- 
tually form P-germanium layer 18 of FIGURE 2 
having a thickness of approximately 750 angstr- 
oms. In an alternative embodiment, P-germanium 
silicon layer 16 has a thickness of approximately 
1500 angstroms to eventually form P-germanium 
layer 18 having a thickness of approximately 500 
angstroms. In fabrication, germanium silicon layer 
16 may have a dopant such as boron deposited 
therein to create varied resistivities of manufac- 
tured germanium layer 18. 

A layer 19 is deposited by means of conven- 
tional LPCVD process. The method of depositing 
silicon oxide layer 19 is well known in the art. 
When depositing the oxide layer 19 r the deposition 
temperature will be approximately 650 to 850 de- 
grees Centigrade. Layer 19 is deposited to a thick- 
ness of approximately 1000 angstroms. 

A photoresist 30 is selectively deposited onto 
oxide layer 19 to form an opening 32 for exposing 
oxide layer 19. A plurality of boron ions 34 are 
exposed by ion implantation to device 100 to form 
an exposed region 36. Exposed region 36 is subse- 
quently used as the P+ region for device 100. 
After exposed region 36 has been formed, 
photoresist 30 is removed by an oxygen ashing 
method well known in the art. Photoresist 30 may 
be a Novolak™ composition. 

Referring now to FIGURE 5, after photoresist 
30 has been removed, pursuant to the process 
described in FIGURE 4, a second photoresist 38 is 
deposited onto device 100. Photoresist 38 is selec- 
tively deposited onto oxide layer 19 preferably 
made of TEOS to expose openings 40 for subse- 
quent processing. In accordance with the present 



invention, phosphorous dopant is used to perform 
an isolation implant to create N + regions 44. Sub- 
sequently, photoresist 38 is removed and an HF- 
wet chemical etch is performed to remove layer 19 
5 completely from device 100. If a plasma etch is 
used a fluoride etchant is utilized for removing 
layer 19 such as CF 4 . 

Referring now to FIGURE 6, and in accordance 
with the present invention, device 100 is exposed 

70 to a steam oxidation process to increase the tem- 
perature of device 100 to approximately 1000 de- 
grees Centigrade (°C). If P-Ge x Si-|_ x layer 16 is 
approximately 2300 angstroms thick, the oxidation 
will cause layer 16 to form a P-germanium cry- 

15 stalline layer 50 with a thickness of approximately 
750 angstroms. Likewise, in its alternative embodi- 
ment, if P-Ge x Sh. x layer 16 is approximately 1500 
angstroms thick, the resultant germanium layer 50 
thickness will be approximately 500 angstroms 

20 thick. It should be understood that layer 50 is 
identical to layer 18 of FIGURE 2. 

In the process of growing oxide film 52, P- 
Ge x Sh_ x layer 16 converts to pure P-germanium 
layer 50. In accordance with the present invention, 

25 a silicon oxide 52 thermally grows on top of the 
germanium layer 50. Implants 42 and implant 34 
become activated during the growth of film 52 
forming isolation regions 44 and extrinsic base 
region 36, respectively. 

30 Referring to FIGURE 7, a photoresist layer (not 

shown) is deposited, exposed and developed so as 
to expose region 58 in film 52. Region 58 of film is 
then etched clear of oxide by conventional oxide 
etching techniques exposing a portion of base re- 

35 gion 50. An n-type in doped situ polysilicon film of 
2500 A thickness is deposited on film 52 after the 
photoresist is removed. Alternatively, n-type SiC 
may be used. This film is then patterned and 
etched leaving structure 70 to serve as the emitter 

40 electrode touching film 50 which is the intrinsic 
base. 

Referring to FIGURE 8, another photoresist lay- 
er is deposited, exposed and developed so as to 
expose a region 69 over extrinsic base 36 of film 

45 52. Oxide in the exposed region is etched away 
exposing region 36. The photoresist is stripped and 
a Pt film is sputter deposited and sintered at 
450° C in an inert ambient such as nitrogen. Wher- 
ever the Pt touches Si or polysilicon it is converted 

so to PtSi. The wafer is then exposed to aqua regia 
whereupon all Pt is removed except where PtSi has 
formed. This assures good ohmic contact to the 
extrinsic base and emitter. 

Referring to FIGURE 9, an aluminum or alu- 

55 minum alloy layer 71 is deposited, patterned and 
etched so as to make electrical contact to the 
emitter and base regions. The collector is con- 
tacted in this embodiment through the backside of 
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the wafer. FIGURE 9 depicts aluminum or alu- 
minum alloy layer 71 interconnected to the extrin- 
sic base region. The emitter 70 is contacted by the 
interconnect in a region out of the plane of this 
drawing. 5 

It should be noted that the collector region can 
be electrically contacted from the topside by open- 
ing one portion of oxide region 52 over isolation 
region 44 at the same time that the P+ contact is 
opened. Subsequently, the contact can be silicided w 
simultaneously with the emitter and extrinsic base. 
Later, a contact can be made at region 44 at the 
same time that it is made to the emitter and 

extrinsic base. 

Alternatively, if another type of isolation is used 15 
such as dielectric or trench isolation, a topside 
collector contact may still be made by contacting 
an N+ region put into place specifically for that 
purpose and produced in identical manner as re- 
gion 44 previously described. 20 

In accordance with the present invention, a 
germanium based heteroj unction bipolar transistor 
(HBT) has been formed. As part of the present 
invention, other devices may be formed which 
would utilize a germanium layer. In the prior art, 25 
the method of choice for fabricating HBT's of lll-V 
compounds, compound semiconductors and some 
Si-Ge transistors has been by means of MBE or 
MOCVD. These processes are typically limited to 
wafers of 75mm diameter or less and the through- 30 
put is very low, typically a few wafers per hour. In 
the more conventional approaches to fabricating Si- 
Ge transistors, the base width is determined by the 
difference in diffusion depths between an emitter 
and base diffusion. For base widths less than about 35 
100nm, it is very difficult to control this difference 
with any degree of precision. Thus, the variability 
of base widths within a wafer or from wafer to wafer 
or from batch to batch is typically been quite large. 
In the method of the present invention, the base 40 
width can be controlled very precisely. With refer- 
ence to FIGURE 3 when one controls the oxide 
thickness over a range of 20nm, the Ge layer base 
is controlled within a range of about 2-3nm. This 
allows for higher yields and lower cost. 45 

Another advantage of the present invention is 
that substantially pure Ge base layers can be fab- 
ricated to thicknesses of several hundred angstr- 
oms without forming large densities of dislocations 
between it and the underlying film. This occurs 50 
because the Ge layer base is grown on a Ge x Sii. x 
substrate rather than a pure Si substrate. Thus, the 
critical thickness for the onset of plastic deforma- 
tion (dislocations) is larger. 

In summary the present invention permits high- 55 
er manufacturing throughput, better control of base 
width and provides a method for using a pure Ge 
base in a practical device. 



While preferred embodiments have been de- 
tailed in the above-description, the invention is not 
limited hereto, but only by the spirit and the scope 
of the appended claims. 

Claims 

1. A process for forming a P-germanium layer on 
a layer of silicon: 

depositing a first N-germanium silicon layer to 
the 5 silicon layer; 

depositing a P-germanium silicon layer to the 
first N-germanium silicon layer; and 
heating the wafer in an oxidizing ambient until 
said P-germanium silicon layer transforms into 
the P-germanium layer under a layer of formed 
silicon dioxide. 

2. The process of Claim 1 , wherein the deposition 
of the first N-germanium silicon layer is by 
chemical vapor deposition. 

3. The process of Claim 1 , where the deposition 
of the P-germanium silicon layer is by chemi- 
cal vapor deposition. 

4. The process of Claim 1 , wherein the deposition 
of the first N-germanium silicon is expitaxial to 
the silicon substrate. 

5. The process of Claim 1 , wherein the deposition 
of the P-germanium silicon is expitaxial to said 
N-germanium silicon. 

6. The process of Claim 1 , wherein the thickness 
of said N-germanium silicon layer is such that 
the lattice is relaxed and free from stress due 
to the formation of dislocations at its interface 
with the silicon substrate. 

7. The process of Claim 1, wherein the P-germa- 
nium silicon is in compressive stress and com- 
mensurate with said N-germanium silicon lay- 
er. 

8. The process of Claim 1, wherein said heating 
step comprises the step of steam oxidizing the 
wafer to approximately 1000 degrees Centi- 
grade. 

9. A device made from the process of Claim 1. 

10. A process for forming a germanium layer on a 
wafer, comprising the steps of: 

depositing a second layer of P-germanium sili- 
con on a first layer of N-germanium silicon; 
and 

oxidizing the wafer until the first layer of P- 
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germanium silicon forms a separate layer of P- 
germanium and a second layer of N-silicon 
germanium. 

11. The process of Claim 10, further comprising 
the step of depositing tetraethylorthosilane 
(TEOS) to said P-germanium silicon to form an 
oxide layer. 

12. The process of Claim 10, wherein the step of 
depositing the second P-germanium silicon 
layer comprises the process of depositing the 
P-germanium silicon layer having a thickness 
of approximately 2300 angstroms. 

13. The process of Claim 12, wherein the forming 
of said P-germanium layer produces a layer 
having a thickness of approximately 750 ang- 
stroms. 

14. The process of Claim 10, further comprising 
the step of growing an N-germanium silicon 
layer on the wafer to approximately 1 micron 
before depositing said P-germanium silicon 
layer to the wafer. 

15. The process of Claim 11, further comprising 
the step of forming a photoresist pattern onto 
said oxide layer. 

16. The process of Claim 15, further comprising 
the step of implanting boron ions into the wa- 
fer. 

17. The process of Claim 16, further comprising 
the step of selectively stripping the photoresist 
from the wafer. 

18. The process of Claim 17, further comprising 
the step of implanting phosphorous dopant to 
create N + isolation regions. 

19. The process of Claim 18, further comprising 
the step of stripping said TEOS layer from the 
wafer with hydrofluoric acid. 



the step of exposing the wafer having boron 
implanted therein. 

24. The process of Claim 23, further comprising 
5 the step of depositing a second conducting 

layer to said exposed wafer. 

25. A device made from the process of Claim 10. 

w 26. A process for forming a P-germanium base for 
use in a heterojunction bipolar transistor (HBT) 
on a wafer which comprises and steps of: 
forming an N-germanium silicon buffer layer 
onto a silicon N-substrate; 

15 depositing a first P-germanium silicon on said 

buffer layer; 

depositing an oxide layer on said P-germanium 
silicon layer; 

depositing a photoresist layer on said oxide 
20 layer; 

selectively implanting boron into said depos- 
ited layers to form P + contacts; 

depositing a second photoresist layer; 

implanting phosphorous to form N + contacts; 
25 selectively stripping said second photoresist 

and said oxide layer from said P-germanium 

silicon layer; 

heating the wafer by steam oxidation to ap- 
proximately 1000 degrees Centigrade to cause 
30 said P-germanium silicon layer to form a P- 

germanium layer selectively isolated from said 
N-germanium silicon layer, said heating forms 
a silicon dioxide layer on said P-germanium 
layer; 

35 selectively depositing a third photoresist layer; 

etching the wafer to form an exposed region; 
depositing a conductive layer in said exposed 
region; 

selectively etching the wafer to expose said 
40 P+ region; 

depositing aluminum over the P+ region to 
form the transistor of the present invention. 

27. A device made from the process of Claim 26. 

45 



20. The process of Claim 19, further comprising 
the step of growing an oxide film on said P- 
germanium silicon layer. 

50 

21. The process of Claim 20, further comprising 
the step of exposing said P-germanium layer. 

22. The process of Claim 21, further comprising 

the step of depositing a first conducting layer 55 
to said exposed region. 



23. The process of Claim 22, further comprising 
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